Abstract-The presented paper deals with the implementation of the Switching Table Based Direct Torque Control (ST-DTC) in the matrix converter-fed induction motor drive. In order to improve the control of the matrix converter input power factor, the use of the simplified Indirect Space Vector Modulation (ISVM) was proposed. To verify the feasibility of the proposed solution, experimental results were presented.
INTRODUCTION
The matrix converter belongs to direct AC/AC converters, i.e. converters that transform energy from one AC power system into another one without an intermediate DC link with energy storage elements. It enables achieving sinusoidal output current and voltage while maintaining sinusoidal input current with adjustable input power factor. The absence of the energy storage elements reduces the size of the converter, which makes it suitable for applications with limited installation space, like in electric vehicles.
The power part of the matrix converter consists of a 3 × 3 matrix of bi-directional switches ( Fig. 1 ) which enables switching of 27 switching states (vectors): 3 synchronous rotating vectors, 3 inverse rotating vectors, 18 active (pulsating) vectors, and 3 zero vectors. The synchronous vectors correspond to direct connection of the input and output terminals. Active vectors are stationary with amplitude depending on the selected input line-to-line voltage. They can have one of the six possible directions, mutually shifted by 60 ( Fig. 2(a) ). If permanently switched, one such combination would produce a vector which pulsates between its maximum positive and its maximum negative values. The input current vectors corresponding to these switching states are shown in Fig. 2(b) .
The ST-DTC or Takahashi DTC was proposed by Takahashi and Noguchi in 1986 [3] . The block diagram of the ST-DTC controller is presented in Fig. 3 . The estimated torque and flux are compared with their reference values, and if they are out of their tolerance bands, an adequate voltage vector is applied to the motor stator windings. The flux is controlled by a two-level hysteresis controller and the torque is controlled by a three-level hysteresis controller. The outputs of these controllers (c Ψ and c T ), together with the current flux vector sector (k S-Ψ ), are used in the Voltage Vector Selection Table block to select the appropriate voltage vector from Table 1 . 
DTC USING MATRIX CONVERTER
While the implementation of the Field Oriented Control (FOC) in the matrix converter-fed drives is quite straightforward, in terms that it doesn't differ much from the implementation with the VSI [7] , the implementation of the DTC requires modifications of the modulation algorithm.
A DTC scheme for the matrix converter-fed induction motor drive was first proposed in [1] and [2] . It uses a capability of the matrix converter to generate 18 active voltage vectors (unlike 6 in the case of VSI) to control the average value of the input power factor in addition to the torque and flux. The hysteresis torque and flux control works in the same way as in the ST-DTC for VSI-fed induction motors (Fig. 3) . Based on the torque and flux errors and the flux vector sector, a suitable voltage vector is selected from Table 1. In the case of the VSI, this vector is generated by switching one of the six active and two zero switching combinations. As seen in Fig. 2(a) , for every VSI vector, there are always three matrix converter switching combinations that can generate a parallel vector with the same polarity. From these three switching combinations, the two that will produce vectors with maximum modules are used by the DTC. From this analysis it can be seen that for every vector selected by the basic DTC algorithm, there are two corresponding matrix converter switching combinations. This redundancy is used to control the average value of sin ϕ in , where ϕ in is the displacement angle of the input current vector towards the input voltage vector.
The average value of sin ϕ in is controlled by an additional two-level hysteresis controller. The average value of sin ϕ in is obtained by applying a low-pass filter to its instantaneous value. If the average value of sin ϕ in is positive (c sin ϕin = +1), which means that the input current vector is lagging the input voltage vector, the switching combination that will decrease sin ϕ in will be applied. If the average value of sin ϕ in is negative (c sin ϕin = −1), which means that the input current vector is leading the input voltage vector, the switching combination that will increase sin ϕ in will be applied.
IMPROVED DTC USING MATRIX CONVERTER
A problem with the DTC scheme for the matrix converter described in the previous section is a relatively slow and indeterministic control of the displacement angle ϕ in of the input current vector towards the input voltage vector, especially at low speed, where torque increases sharply under the influence of an active vector, but declines slowly when a zero vector is switched. Namely, under the influence of an active vector, the torque often increases from its lower tolerance band limit to the upper one within only one sampling period, but its decrease can take a few sampling periods, which means that zero vectors are switched most of the time. Under these conditions, it is hard to achieve a good control of ϕ in , which is influenced only by the active vectors. The result is a high harmonic content in the input current.
In this paper, an ST-DTC scheme using simplified ISVM was proposed. The ISVM is based on the indirect representation of the matrix converter proposed in [4] . It treats the matrix converter as a combination of an input virtual rectifier and an output virtual inverter stages, connected by a virtual DC link (Fig. 4) . The indirect matrix converter representation enables applying conventional SVM techniques to the rectifying and inverting stages (Fig. 5) [5, 6] . The virtual rectifier stage SVM generates the input current vector with selected phase displacement with respect to the input voltage vector and at the same time generates the virtual DC link voltage. The virtual inverter stage then uses this virtual DC link voltage to generate the output voltage vector. The operation of the virtual rectifier and inverter stages is synchronized by applying a suitable switching pattern.
In the proposed scheme, the selection of the output voltage vector from Table 1 is done in the same way as in the conventional ST-DTC for VSI-fed induction motors. This vector will then be generated by the simplified ISVM. In the simplified ISVM, the virtual rectifier stage will insure proper orientation of the input current vector and therefore will keep the reference power factor. The inverter stage will switch the selected voltage vector over the entire sampling period. The virtual rectifier stage duty cycles are calculated from Equation (1), where θ S-I is the input current vector angle within a sector and its value can be between 0 and π/3. The structure of the switching pattern is illustrated in Fig. 6 d γ = sin
EXPERIMENTAL RESULTS
The proposed scheme was first verified by numerical simulations [8] and then implemented on a test bed consisting of a 12 kW matrix converter and a standard 3 kW, 4-pole, 50 Hz cage induction motor. The results of the practical implementation are presented in Fig. 7 and in Fig. 8 .
CONCLUSIONS
An improved ST-DTC scheme for the matrix converter using the simplified ISVM was proposed in this paper. The virtual rectifier stage SVM inherently insures proper input current vector orientation and maintaining the reference power factor. The virtual inverter stage switches the selected voltage vector in the same way as in the inverter-fed drives. The experimental results show good torque and speed control.
